OBJECTIVE: The serum concentration of the high-af®nity growth hormone-binding protein (GHBP) is increased in obesity but the mechanisms are poorly understood. This study assessed the physiological mechanisms involved in the regulation of GHBP in adiposity. SUBJECTS AND MEASUREMENTS: We tested a number of obesity speci®c parameters for their association with GHBP. In this study, 199 normal or overweight children and adolescents (101 boys, 98 girls, aged (mean AE s.d.): 13.7 AE 2.3 y) underwent an anthropometric evaluation (circumference measurements and bioimpedance analysis) combined with blood withdrawal for the measurement of insulin-like growth factor-I (IGF-I), insulin, leptin and GHBP (by speci®c RIA), uric acid, triglycerides and cholesterol. RESULTS: By linear regression analysis GHBP correlated signi®cantly (P`0.001) with percent body fat mass (r 0X71), waist (r 0X73) and hip (r 0.69) circumference, weight (r 0.61), waist hip ratio (WHR) (r 0.54), as well as with the serum concentrations of leptin (r 0.64), uric acid (r 0.54), insulin (r 0.45), LDL-cholesterol (r 0X43), cholesterol (r 0.33), LDLaHDL ratio (r 0.47), triglycerides (r 0.30) and with height standard deviations scores (SDS) (r 0.23). Age, gender and pubertal stage had no impact on GHBP. In a multiple regression analysis containing age and gender, as well as the anthropometric variables, percent fat mass and waist circumference, as independent variables, associations between GHBP and leptin (P`0.001), cholesterol (P`0.01), LDL-cholesterol (P 0.01), LDLaHDL ratio (P 0.02), triglycerides (P 0.01) remained signi®cant. In a ®nal model using the stepwise analysis involving age, gender and all the independent predictors of GHBP, waist circumference (P`0.001) accounted for 49.5% of the 60.0% total variability in GHBP, while the implication of leptin (P`0.001), age (P`0.01) and cholesterol(P`0.05) increased the predicted variability for 7.5%, 1.9%, and 1.0%, respectively. Serum GHBP was signi®cantly reduced in a subgroup of 104 overweight or obese patients during a diet-induced weight loss programme, the coef®cient of correlation between GHBP and leptin after (r 0.45, P`0.001) and before weight reduction (r 0.41, P 0.001) were comparable. CONCLUSION: Waist circumference, an indicator of abdominal body fat mass, is a major determinant of GHBP levels during childhood, while leptin may be one candidate for a signal linking adipocytes to the growth hormone receptor related GHBP release. Additionally, elevated serum levels of GHBP may re¯ect metabolic disturbances of adiposity.
Introduction
The high af®nity growth hormone binding protein (GHBP), described and characterized in 1985a86 by Baumann et al 1 and Herrington et al 2 , corresponds to the extracellular domain of the growth hormone receptor (GHR). 3 In humans and rabbits it was found to be derived from the GHR by proteolytic cleavage. 4 As the liver seems to be the main source of GHBP, the serum level may re¯ect the hepatic GHR density. 5, 6 Thus, the determination of GHBP is a useful indicator for probing the GH receptors in humans, in whom direct receptor measurements are dif®cult. Patients with complete GH insensitivity (Laron syndrome), due to defects in the extracellular GHR domain, revealed low or undetectable amounts of functional GHBP. 7 Furthermore, children with idiopathic short stature demonstrated reduced levels of GHBP combined with a normal GH secretion and low insulin-like growth factor-I (IGF-I) values suggesting a partial GH-insensitivity. 8, 9 During childhood, age 10 and body mass index (BMI) 9Y11 were reported to be directly related to the GHBP level in serum. Furthermore, a strong negative relationship was shown between parameters of the endogenous GH secretion and GHBP in normal boys growth, despite reduced growth hormone secretion. 13 Additionally, increasing GHBP concentrations were observed with increasing BMI in obese children. 10, 14 During childhood, absolute values for BMI are, however, very poor indicators of relative body fatness. 15 Therefore, BMI is an uncertain parameter for the determination of GHBP.
The signal which may be the link between anthropometric changes and peripheral GHBP concentrations is unknown, but Leptin, the product of the recently cloned ob gene 16 may possibly play that role. This hypothesis is based on the fact that the plasma leptin concentrations are also determined by body fat mass 17, 18 and that leptin receptors appear to be expressed not only in the brain, but also in peripheral GHR bearing tissues including hepatocytes. 19 In order to gain more insight into the regulation of GHBP, especially in obese children, a large group of normal weight, overweight and obese children or adolescents was studied with the following aims: 1) to investigate the relationships between GHBP and speci®c anthropometric, as well as, body composition parameters; 2) to examine the hypothesis of a close relationship between leptin and GHBP in basal crosssectional data and during hypocaloric diet-induced weight loss. In addition, the data obtained from these subjects, allowed us to also estimate the role of increased GHBP concentrations for the development of metabolic disturbances found in association with obesity.
Subjects and methods

Subjects
One hundred and ninety-nine children and adolescents of caucasian origin (101 boys, 98 girls) with a mean age ( AE s.d.) of 13.7 AE 2.3 y were included in the study (Table 1 ). According to their age adjusted BMI value, 20 77 subjects were of normal weight (`80th percentile; 31 boys, 46 girls), twenty nine were overweight ( b 80th and`95th percentile; 12 boys, 17 girls) and ninety three were obese ( b 95th percentile; 58 boys, 35 girls).
Serum from normal weight subjects was obtained, during routine investigations of paediatric patients with non-GH-related illnesses and during a followup survey of formerly small for gestational age children with normal growth and development, according to Prader et al. 21 A subgroup of 104 overweight or obese children and adolescents (age adjusted BMI b 80th percentile 20 with mean age ( AE s.d.) of 13.1 AE 1.8 y and a mean BMI ( AE s.d.) of 28.5 AE 4.1 kgam 2 (61 boys, 43 girls) was admitted to a dietary camp to participate in a weight reduction program. During the six week treatment period, the children received a mixed diet with a mean energy content of 1032 AE 125 kcalad and took part in a controlled exercise program of 1±2 h duration per day. The energy contents from protein, carbohydrate and fat sources were 26%, 56% and 18%, respectively.
All children and adolescents were shown to be otherwise healthy, as assessed by clinical examination and routine laboratory tests, none of them had an endocrine disorder. The study was approved by the local ethical committee. Informed consent was obtained from the parents of each participant in the study.
Methods
Anthropometric measurements. Weight was measured to the nearest 0.1 kg in subjects wearing light underwear on a calibrated balance-beam scale and height was measured to the nearest 0.5 cm. Waist circumference was measured midway between the lower rib margin and the iliac crest, and hip circumference was measured at the point yielding the maximum circumference over the buttocks. The waist-hip ratio (WHR) was calculated to obtain an index for the pattern of body fat distribution. Systolic and diastolic (5th phase) blood pressure were measured after a 10 min rest in a supine position using a sphygmomanometer. Measurements were taken twice and the average was documented.
Bioelectrical impedance analysis (BIA). BIA was performed with an AKERN BIA 101S (RJL Systems, Detroit, USA) at a frequency of 50 kHz with an constant current of 0.8mA. With the subject in a supine position, four electrodes were placed as described previously. 22 A special equation developed for children, was used to calculate body composition data. 22 Laboratory measurements. Blood samples for serum separation were taken between 07.00 and 10.00 h after an overnight fast of 12 h when all children were under free diet without energy restriction. Triglycerides, total cholesterol and HDL cholesterol were measured according to established procedures using commercially available kits (Boeringer, Mannheim, Germany). Uric acid was determined with the uricase method (Kodak, Rochester, NY, USA), insulin by a radioimmunoassay (International CIS, Gifsur-Yvette, France) and IGF-I by an ELISA after acid ethanol extraction as described previously. 23 Leptin 24 and GHBP 25 were measured by recently described speci®c in-house' RIAs. Intra-and interassay coef®cients of variation in all immuno-assays were below 9% at half maximum displacement tracer.
Statistical methods. Because some investigated parameters, such as body fat mass, diastolic blood pressure, LDLaHDL ratio, triglycerides, insulin and leptin, were log-normally or non-normally distributed, nonparametric statistical methods (descriptives statistics by medians and quartiles, estimation of correlations according to Spearman) were used for analysis of the whole group of subjects. Stepwise forward multiple regression analysis was performed to ®nd independent predictors for GHBP.
Because all considered parameters of the subgroups were normally distributed, descriptive statistics by mean and s.d. comparison between groups by LSD test, estimation of correlations according to Pearson and parametric ANOVA were used for analysis. The comparison of parameters, before and after weight loss, was performed by the U-test, to compensate for inhomogenous standard deviations of some variables. All statistical calculations were completed using the program`Statistica' (Statsoft, Tulsa, USA).
Results
Comparison of GHBP concentrations between groups with different BMI percentiles adjusted for age
There were signi®cant differences (P`0.001) in GHBP concentrations between children with normal weight, overweight and obesity, performing ANOVA with or without age and gender as covariables. Therefore we hypothesized, that GHBP differences between subgroups were independently of age and gender. In post hoc comparisons of GHBP concentrations between the individual groups (Table 2) , obese children had signi®cantly higher values than overweight or normal weight children. Additionally, the GHBP concentrations of overweight children were also signi®cantly different (P`0.001) from those of normal weight children and from those of obese children.
Height standard deviation scores (SDS) and IGF-I values were also signi®cantly higher in obese than in normal weight subjects (Table 2) .
Relationships between GHBP concentrations and anthropometric parameters or leptin levels
By simple linear regression analysis, GHBP was strongly positively correlated (P`0.001) with anthropometric parameters such as BMI (r 0X73), body Figure 1 ), hip r 0.69), weight (r 0.61), WHR (r 0.54) and height SDS (r 0.23) (Table 3 ). However, correlations failed to reach signi®cance for age and pubertal stages. Comparable coef®cients of correlation were found when girls and boys were investigated separately (data not shown). As the anthropometric variables may be interrelated, a separate multiple regression analysis involving age, gender and all statistically signi®cant anthropometric parameters was performed and revealed percent body fat mass (P`0.001) and waist circumference (P`0.001) as independent positive predictors of GHBP, while age was negatively related to GHBP (P`0.05). Additionally, we found a high correlation between GHBP and leptin (r 0.64, P`0.001, Figure 2 ) by simple regression analysis. When this relationship was controlled for the impact of age, gender, percent body fat mass and waist circumference, leptin remained signi®cant related to GHBP (P`0.001).
Relationship between GHBP concentrations and indicators of metabolic disturbances in obesity
Insulin (r 0.45) and metabolic parameters such as total cholesterol (r 0.33), LDLaHDL ratio (r 0.47), triglycerides (r 0.30) and uric acid (r 0.54), also demonstrated highly signi®cant (P0 .001) relationships with GHBP (Table 3 ). The relationships between GHBP and the above mentioned metabolic parameters were further analysed by multiple regression analysis using a model containing age, gender, percent body fat mass and waist circumference, as additional independent variables. The associations between GHBP and total cholesterol (P`0.01), LDL cholesterol (P 0.01), LDLaHDL ratio (P`0.05), and triglycerides (P 0.01) proved to be signi®cant.
In a ®nal multiple regression analysis, using stepwise forward selection of the variables age, gender, percent fat mass, waist circumference, leptin, total cholesterol, the cholesterol fractions LDL and HDL, LDLaHDL ratio, and triglycerides as independent calculated predictors of GHBP, waist circumference (beta 0.52, P`0.001) accounted for 49.5% of the 60.0% total variance in GHBP, while the implication of leptin (beta 0.28, P`0.001) age (beta 70.13, P`0.01) and total cholesterol (beta 0.10, P`0.05) increased the predicted variance for 7.5%, 2.0% and 1.0%, respectively.
Changes of GHBP concentrations during weight loss
The main anthropometric and laboratory data of 104 overweight and obese patients, before and after weight reduction, are summarized in Table 4 . GHBP levels were signi®cantly reduced after weight loss, paralleled by the decrease of leptin levels and the decrease of values in several anthropometric and metabolic data. The coef®cient of correlation between GHBP and log leptin after (r 0.45, P`0.001 according to Pearson) and before weight reduction (r 0.41, P`0.001) Figure 1 Relationship between serum levels of GHBP by RIA and individual waist circumference data in normalweight (n 77), overweight (n 29) and obese (n 93) children and adolescents. Figure 2 Comparison between serum RIA levels of GHBP and leptin in normalweight (n 77), overweight (n 29) and obese (n 93) children and adolescents. were comparable. Changes of GHBP during weight loss were signi®cantly correlated with changes of weight and BMI (r 0.42, P`0.001 for both), as well as with changes of body fat mass by BIA (r 0.36, P`0.001).
Discussion
This is the ®rst comprehensive study in children and adolescents to demonstrate that the serum GHBP immunoreactivity is strongly positive related to different speci®c features of body composition. The genders of subjects were pooled because of our ®nd-ing that gender and Tanner stage had no impact on this relationship. Considering all investigated param-eters of body composition, percent body fat mass and waist circumference proved to be the main predictors of GHBP performing multiple regression analysis. Fisker et al, 26 demonstrated recently, that GHBP levels of nonobese healthy adults (n 42) seem to be mainly determined by abdominal fat mass measured by dual energy x-ray absorptiometry (DEXA). A further previously published study reported, 27 that the combined data of obese (n 18) and normal weight (n 18) adult subjects revealed a main impact of waist circumference on GHBP concentrations, while the direct measurement of abdominal fat by DEXA had only a minor effect. In accordance with these studies, our study shows that changes in body fat mass, in particular, changes in the abdominal portion, may predominantly predict the variation of GHBP in pubertal children, as is the case in adults. This strong dependency of GHBP on body fat mass is of practical interest, because reference ranges for the diagnostic evaluation of GHBP during puberty and adolescence, as well as in adults, refer to age as the major confounding variable so far. 8, 9 The results of this study, however, suggest that reference ranges of GHBP should be referred to body fat mass or at least to fat mass related parameters, while age had only a minor and even a negative impact on GHBP in our study.
To date, the role of elevated peripheral GHBP concentrations in adiposity remains poorly understood. By complexing free GH from the circulation, GHBP ful®lls a reservoir function prolonging the GH bioavailability 28 and may also inhibit GH binding to tissue receptors to diminish GH action by competing for the ligand. 29 On the other hand, increased GHBP concentrations in obesity, may re¯ect elevated GHR tissue density which would, theoretically, cause an increase in GH sensitivity. This mechanism could eventually play a role in accelerating growth in obese children, as demonstrated in our study by a signi®cantly positive relationship between GHBP and height SDS. Whether the hyperinsulinism and the increased IGF-I values in obesity are related to the potential increase in GHR density, cannot directly be answered by this study. However, they are likely to contribute to the increase in growth.
Further important new ®ndings of our study were the strong relationship between leptin and GHBP in the univariate regression analysis. Although from this association it cannot directly be concluded that GHBP-or GHR density on hepatocytes is stimulated by leptin, it is tempting to speculate that leptin is the hypothesized link between fat mass and GHBP. Moreover, overweight and obese children demonstrated highly signi®cant correlations with leptin before and after a diet induced weight reduction. However, the lack of correlation between changes in GHBP and changes in leptin indicates a different time course of both proteins during this period of metabolic alterations. This is in agreement with a recently published study showing that during several weeks of hypo- 24 A number of clinical studies have shown, that obesity is associated with metabolic disturbances like hyperinsulinism, dyslipoproteinaemia, hypertriglyceridaemia, and hyperuricaemia, resulting in an increased cardiovascular risk. 22, 30 We have clearly shown that increased GHBP levels of obese subjects are associated with these metabolic risk factors which suggests the involvement of GHBP in their pathophysiology. It is established that abdominal fat mass plays a key role in the promotion of metabolic disturbances. 31, 32 Our present data are in accordance with that ®nding ± increased abdominal fat, indicated by a high waist circumference, is strongly related to increased GHBP levels re¯ecting a high hepatic GHR density. Interestingly, the increased GHBP levels of our subjects, may point to dyslipoproteinaemia independent of the co-existence of obesity. Previous reports described a blunted GH secretion by adult subjects with abdominalavisceral obesity as a further important factor for the development of metabolic disturbances. 33, 34 Whether increased GHBP and or GH-de®ciency are causally related to the development of the metabolic syndrome 35 or non-insulin dependent diabetes mellitus (NIDDM) in later life, has to be clari®ed in the future.
In conclusion, the results of the present study demonstrate that 1) abdominal body fat mass is a major determinant of serum GHBP levels during childhood. The increase in GHBP represents possibly an adaptation mechanism for a relative hyposomatotropism in overweight and obesity; 2) leptin may be one candidate for a signal, linking adipocytes to the GHR related peripheral GHBP release and, 3) elevated serum GHBP re¯ects metabolic disturbances of adiposity. Clinical studies such as the present one, in a strict sense, reveal only associations between parameters. More speci®cally designed studies are required to demonstrate causal relationships between GHBP, leptin and metabolical disturbances in obesity.
